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Abstract. The modulation measurement profilometry encoding the
spatial distribution information of specimen surface into the fringe defo-
cus can realize the reconstruction of the specimen with complex surface
shape. For this technique, the imaging axis of the CCD camera is coaxial
with the projecting direction thanks to the application of a beam split-
ter mounting in the projection optical path. Without doing the phase
unwrapping operation, it can accomplish shadow-free measurement for
the specimen by extracting modulation values of the fringe pattern. The
paper makes a comparison of the modulation retrieval in the condi-
tions of fringe patterns with different surface profiles. Two Fourier trans-
form methods are implemented in our computer simulation and practical
experiment to show their performance in demodulating the modulation
information from fringe patterns in optical 3D shape measurement.

Keywords: Surface measurements - Fourier transform - Image
analysis + Modulation

1 Introduction

Three-dimensional surface shape measurement with the virtues of non-
destructive, non-contact, high-resolution, high speed and ease of automation
has become attractive to a profusion of industrial metrology, machine vision,
robot simulation and automated manufacturing [1,2]. Among the existing opti-
cal three-dimensional shape measurement based on trigonometric measurement
principle, Phase-shifting profilometry [3,4] is displayed more prominently thanks
to its high measurement accuracy and low environmental vulnerability which is
superior to that of other optical three-dimensional surface shape measurement
technologies such as Four transform profilometry [5,6], Wavelet transform pro-
filometry [7-9] and S-Transform profilometry [10-13]. However, as a multi-frame
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fringes analysis technology, Phase shifting profilometry requires the projection
of multiple patterns to reconstruct the shape surface of the specimen that speed
may be sacrificed in favor of the resolution, and it’s not competent for dynamic
measurement. Therefore, the single-frame fringe analysis technology will be more
widely utilized for measuring dynamically deformable shapes because only one
single fringe projection is required to complete instantaneous deformation analy-
sis. For this category of technique, the inherent problem of shadow and occlusion
is inexorable because there is a certain angle between the projection and acqui-
sition axes.

Some vertical measurement techniques [14-18] have been proposed in a bid to
address this nontrivial problem, including modulation measurement profilome-
try and three-dimensional surface profilometry based on fringe contrast analysis,
as distinct from the optical three-dimensional shape measurement based on the
trigonometric measurement principle, applies a configuration with a feature that
the projection axis coincides with the acquisition axis or the acquisition direc-
tion is the same as the projection direction. It not only avoids the effect of
shadows and shutoff, but also solves the issue of phase truncating and spatial
discontinuities. For this technology, the spatial distribution information of the
specimen is encoded into the fringe defocus, so modulation values instead of
phase information in the fringe pattern is required to be analyzed to accomplish
the reconstruction.

There are two categories of the modulation measurement systems. For the
first category, the grating moves in a direction parallel to the projected axis
during the measurement process, and modulation values are extracted from the
perspective of the entire two-dimensional fringe pattern. Phase-shifting method
and two-dimensional Fourier transform method can be applied to realize the
modulation calculation. For another category, a certain angle exists between
the direction of the movement for the grating and that of the projection axis.
Not only the above approaches, but also the one-dimensional Fourier transform
method can be used to complete modulation retrieval. However, this method
calculates the modulation information from an intensity curve formed by epony-
mous pixels from the series of the captured fringe patterns instead of each two-
dimensional fringe pattern, and it is not applicable to the first type of system
measurement. The one-dimensional Fourier transform method can be regarded
as a kind of point-to-point operation instead of a global operation based on each
entire fringe pattern analysis utilizing two-dimensional Fourier transform, which
can retain more details of the specimen.

This paper gives a brief review of the theory for the modulation measurement
in the second case (an angle exists), both one-dimensional Fourier transform
method and two-dimensional Fourier transform method are used to extracting
the fringe modulation distribution from two different viewpoints. Comparisons
are made in both computer simulation and actual experiment to show their
performance in demodulating the modulation information from fringe patterns
in optical 3D shape measurement.



194 M. Zhong et al.

Reference plane

Beam splitter

Moving
direction

optic ™

Objec

Light
o-.
7

&

Lens
Grating -

Fig. 1. The system configuration.
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2 Principle

Figure 1 shows the system configuration of the modulation measurement pro-
filometry. In this configuration, the grating is fixed on the translation platform
and the normal of the grating plane is parallel to the optical axis. There is an
angle (90°-53) existing between the bearings of the electric translation table and
the projection optical axis. While the direction of detector is coaxial to the optic
axis of projector. As such, this system offers a vertical measurement method
against the problem of shadow and occlusion caused in triangulation system,
which makes it possible to measure the specimen with complex surface. In the
process of the measurement, the grating is driven by 1D precision translation
platform, whose image will continually scan the specimen. Simultaneously, a
CCD camera acquires the corresponding fringe patterns encoding the spatial

Grating

Fig. 2. Imaging principle.
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distribution information of the specimen synchronously. Due to the existence
of the angle (90°-3) between the direction of grating motion and the optical
axis, a fixed phase shifting interval (27/N, N > 3) appears for any two adjacent
captured grating images. According to the imaging principle shown in Fig. 2,
when project the image of the grating onto the specimen surface, the clearest
fringe pattern with the largest modulation value observed by CCD camera will
be produced on the focal plane. As the distance from the image plane to the
focal plane increases, the image becomes more and more blurred. Therefore, a
relationship between the modulation value and the image plane position can be
formed as depicted in Fig. 2.

As shown in Fig. 1, in the actual measurement process, two sets of pulses with
different time intervals will be sent by a controller. One set pulses are used to
control the stepper motor to drive the grating to scan the specimen in succession,
another set pulses are applied to trigger CCD camera to synchronously capture
the grating image produced on the surface of the specimen that image acquisition
will be synchronized with grating projection. Assuming that variable ¢ represents
the serial number of the collected image. Actually, variable ¢ contains several
other implicit meanings. When the CCD camera captures the ¢ frame pattern,
the t*" set pulses have been generated. Also, the grating derived by the 1D
precision translation platform has been moved ¢ times at an equal interval, the
phase interval between the first grating image and the t*" grating image will be
t times of 2w/ N that the total phase shift is ¢ - 2/ N. The algorithm for the !
frame fringe can be mathematically described as [16]

Rz, y)lo(x,y)

If(I,’lJ,t) = M2
1)
R(z,y)Co(,y) 2n(t—1) |
+ T cos |27 fox + Qso(x,y) + T

I¢(z, y, t) represents the light energy distribution of the ¢! fringe. R(z, y) is
the reflectivity of the specimen. M is the transverse magnification. Io(z, y) and
Co(z, y) respectively are the background intensity and projected fringe contrast.
fo represents the grating frequency. @¢(z, y) is the initial phase. N represents
the total phase shift numbers for one period. The value of ¢ ranges from 1 to
T(t=1,2 3,..., T) that the grating moves T times throughout the whole
scanning process.

If(z, y, t) represents a clear image on the focal plane. While the image on
the defocused plane with a distance « from the focusing plane can be described
as

Ly(z,y,t;y) = h(z,y;7) * I (z,y,1) (2)

Where I 4(z, y, t; v) represents the blurred image. Symbol * is the convolution
operation. The expression of h(z, y; ) is

h(z,y;7) = s—5e  >h (3)
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Where o, = cr. The value of c¢ is a system parameter, and it often takes the
value of [19].
Substitute Eq. 1 and Eq. 3 into Eq. 2, the out-of-focus image can be written

to be R(e,p)Io(e.y) . Rlx.y)Cole,y)
xr,y €,y xr,y T,y
el o(t — 1) (4)

ec” 2 cos |27 fox + Po(z,y) + ~

The corresponding modulation distribution for the image with different
degree of defocusing level can be defined as

R(z,y) - fo*},
M . (5)
= R(z,y)Mo(z,y)e” =

M(z,y,t;7) =

Where M (z, y) represents the modulation value on the focusing plane, which
will be larger than that at any other defocusing plane.

3 Extraction of Modulation Values

3.1 Two-Dimensional Fourier Transform Method

When applying the two-dimensional Fourier transform method to calculate the
modulation values, the result is obtained from the perspective of the entire two-
dimensional image from the series of the captured fringe patterns. In mathemat-
ics, the convolution theorem states that under suitable conditions the Fourier
transform of a convolution of two signals is the pointwise product of their Fourier
transforms. Therefore, Eq. 2 can be written in the product form that

Ip(u,v,t;y) = H(u,v;7) ® Ip(u,v,t) (6)

Where

w2402

H(u,v,'y) =e 20%’

R(u,v)Io(u,v)
W2

R(u,v)C(u,v)
2M?

N R(u,v)C(u,v)
2M?

IF(ua'Uat) = 5(“‘7”)

5(’& - fO, O)Ei{éo(ﬂ,v)+%]v—1)}
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According to Eq. 6 and Eq. 7, the out-of-focus image in the frequency domain
can be expressed as

ID(U7 v, ta ’7) = ID(O) (U, v, ta ’7) + ID(l)(”? v, t7 ’Y) + ID(*I) <u7 v, t7 7) (8)
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Where
R(u,v)lo(u,v)

Ip()(u,v,t;7) = e 8(u,v)
R(u,v)C(u,v ; vy 2=y fo2oF
Ipqy(u, v, t7) = %Mu—foﬁ)e {Po(un)+ =5 e T (9)
R(u,v)C(u, i o) 2ri=1y _ foof
Ip—1y(u,v,t59) = %6@#3‘0,0% {@o(u0)+ 255} - =570

Where I p(g)(u, v, t;v) and I p)(u, v, t; ) respectively represent the zero and
the fundamental frequency component. I p(_1y(u, v, t; ) is the conjugate of the
I'pay(u, v, t; 7). Select an appropriate filter window to extract the fundamental
frequency part and then apply the inverse Fourier transform. The modulation
value can be obtained by taking the absolute value of the obtained result.

. f 20.2
Msprrr(z,y,t;7) = RQ(ZZ’;J) Co(a, y)ePol@ ) +2n(t=1)/N} o= 5
20,2
- Bl g, e (o)
1 f 2,2
= §R(m,y)Mo(af,y)€_ =

When making a comparison between Eq. 10 and Eq. 5, it becomes apparent
that there is only one difference (constant 1/2), which means that the modulation
distribution of out-of-focus image can be acquired by multiplying constant 2.

Two-dimensional Fourier transform method is a global analysis method. The
modulation value of any pixel in the fringe pattern is extracted by taking advan-
tage of the information of pixels in the entire two-dimensional fringe pattern.
Therefore, even if a pixel in the fringe has no data, a modulation value for this
pixel can be estimated based on the information of surrounding pixels, which
implies that the sensitivity of this method is not high enough in detection of
minor defects. Besides, the application of the filtering operation makes this app-
roach fail to retain the details of the specimen, which will smooth the steep edges
and corners, bring down a steep slope.

3.2 One-Dimensional Fourier Transform Method

When utilizing the one-dimensional Fourier transform method to realize the
modulation acquisition, the calculation result is completed from an angle of an
intensity curve formed by eponymous pixels from the captured images. Therefore,
it is a kind of point-to-point operation instead of a global operation based on
each entire fringe pattern analysis.

As shown in Fig.3, points at the same position (z, y) are extracted from
this series of images, and finally the curve I(¢)(z, y) (the blue curve, the red
one represents its outline) shown in the right figure can be formed. Based on
Eq. 1, curve I(t)(z, y) from the definite point (x, y) of the fringes can be simply
expressed as



198 M. Zhong et al.

[0
Il']ll'
0 'u LAY,
..,n,.'.n,n,l.l.'.,,. ,'..'.l.l,' )
l.l.h...l.h...lI....l.l.l ..l.l. !
' .nl .n,l,..n,l,.,nl' .aa,.' \
’. .I ||,; .ll,
iy |
‘l ' W nlu'
..,n \
'l

Intensity

t
B

S

Fig. 3. The curve I(¢)(z, y). (Color figure online)

R fo?o? om(t —1
L)) () = {10 + Coe™ 7™ cos [qs+ ”()]} (11)

M2 N

(z,y)

For the same position (z, y) on the fringe patterns,® =2rfoz + Py is a
constant. Do Fourier transform operation on Eq. 11 that

It Oy = Tor @], + T @], + @], (12)
Where
Iy 0], = 3o
Iy®) = %5@ _ fo, )i+ L (13)
ID/(O)(t)’(u,v) denotes the zero-spectrum component of the curve,

ID’(1)(t)’( : and ID/(_l)(t)‘( : respectively represent the fundamental spec-
w,v u,v

trum component of the curve. The utilization of a proper filter can make the
acquisition of useful fundamental component come true, and then doing inverse

Fourier transform. Modulation value for each fringe at position (z, y) can be
finally obtained by taking the absolute value of the result.

R
2M2
R _ fo®oh

2

= oap 0

2 2
Py 2m(t=1) _ fo%op,
Miprrr(t)l(,,, = CoelP+=F "t "2

(z,y)

(14)
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f02f7;2L

1
= iRMOe_ 2

(z,y)



Comparison of Two Fourier Transform Methods 199

Comparing Eq. 14 with Eq. 5, modulation distribution of out-of-focus image
for point (z, y) can be calculated by multiplying constant 2. While the modula-
tion maps of the whole images can be obtained by repeatedly doing the above
operation for every point in the fringe patterns. For this method in modula-
tion retrieval, the calculation result for each pixel in a fringe pattern in effect
terminates the influence from the information of its neighbor pixels. That is,
the operation of each pixel in the entire fringe pattern is independent of each
other. The frequency spectrum of a curve by one-dimensional Fourier transform
method is simpler than that of an image by two-dimensional Fourier trans-
form method. Moreover, the generation of high-frequency components can be
effectively avoided by appropriately selecting the scanning range, which refrains
from spectrum aliasing between fundamental frequency and high order frequency.
Obviously, due to the simple spectrum, it is easy to extract useful fundamental
frequency information to retain more details of the specimen.

4 Simulation

In the actual application, the surface of the tested object is unpredictable. This
section will make a comparison of the performance of the two Fourier transform
methods in the reconstruction of two different surface profiles.

The main parameters are set as following. Both the background intensity
and the fringe contrast are 0.5 (Io(z, y) = 0.5,Co(z, y)) = 0.5. The reflectivity
factor is set to be R(z, y) =0, The frequency of the grating is fo= 1/6 pixel™,
the focal length and the diameter of the lens respectively are f = 58 mm and d
= 40. In the scanning process, a total of 160 frames of fringes were collected by
CCD that T = 160. The size of each image is 264 x 264 pixels. To match reality
more exactly, random noise of 3% fringe intensity is added in each image. All
the simulations are performed on MATLAB platform.

4.1 Comparison of Smooth Surface

The first tested object we used is the PEAKS function. It has an absolute
height of 60mm as shown in Fig.4(a). Figure4 (b) shows the 60*" frame of
captured images. Both one-dimensional Fourier transform method (1DFT) and
Two-dimensional Fourier Transform method (2DFT) are used to calculating the
modulation values of the images, and the performance for the 60" frame of
captured images obtained by the two methods are respectively shown in Figs. 4
(c) and (d). It is palpable that there are many small spots in Fig.4 (c), while
the edges in Fig.4 (d) are blurred. The reconstruction result and error distri-
bution for the two approaches are respectively shown in Figs.5 (a)—(d). The
standard deviation errors (mean square error RMS) are 0.353 mm by 1DFT and
0.144 mm by 2DFT. Obviously, for the tested object with smooth surfaces, there
are many burrs on the surface shape obtained by 1DFT. While for 2DFT, it
softens the steep area even though the smoothness of the surface is preserved.
In order to illustrate features clearly, Figs.6(a)—(c) show a small area (rows:
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Fig. 4. Simulation: (a) The simulated object; (b) The 60" frame of fringe pattern; (c)
Modulation values obtained by 1DFT; (d) Modulation values obtained by 2DFT.

185-220; columns: 115-150) of the simulated object and the reconstructions of
the same area by the two methods. Figure6(d) shows the part from the 170"
column to the 225" column in the 100" row of the simulated object, the same
part of the reconstruction by 1DFT and that by 2DFT. For the 1IDFT method
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Fig. 5. Simulation results: (a) Reconstruction by 1DFT; (b) Reconstruction by 2DFT;
(c) Error distribution by 1DFT; (d) Error distribution by 2DFT.
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Fig. 6. Comparisons: (a) Part of the simulated object; (b) Part of the reconstruction
by 1DFT; (c) Part of the reconstruction by 2DFT; (d) the 170" column to the 225
column in the 100" row of the simulated object, the same part of the reconstruction
by 1DFT and that by 2DFT.

in modulation retrieval, calculation result for one pixel in a fringe pattern is
extracted from a curve produced by retrieving the same coordinate from the
captured fringe patterns, that is, there is no relationship among adjacent pixels,
and a slight difference in the modulation values can result in a large difference
in height values. This existence of the difference leads to a reconstruction for the
measured object with a coarse or irregular surface. However, 2DFT method is a
global analysis method. The modulation value of any pixel in the fringe pattern
is extracted by taking advantage of the information of pixels in the entire fringe
pattern. Besides, the application of the filtering operation brings down steep
slopes even though the character of smoothness for the surface shape remains.

4.2 Comparison of Step Surface

To furtherly make a comparison, another computer simulation is used in this
section. The simulated object is shown in Fig.7(a) has a dramatic change in
height that there are four discontinuous height steps (10 mm, 30 mm, 50 mm,
70 mm) from the bottom to the top.

In this simulation, the system parameters are the same as those mentioned
above. Figure 7 (b) shows the 64'" frame of captured images. Figures7 (c) and
(d) are respectively the modulation values of Fig. 7 (b) obtained by 1DFT and
2DF'T. Even the measured object has rapid height variation on the shape surface,
the application of IDFT method can obtain accurate modulation value (the edges
of the steps are clear) in the areas where height variation is steep. While for the



